Purpose: The percent of preserved parenchymal mass is the primary determinant of functional outcomes after partial nephrectomy. Accurate methods to predict the percent of preserved parenchymal mass based on preoperative imaging could facilitate patient counseling. Materials and Methods: We evaluated the records of 428 patients who had undergone partial nephrectomy and the studies necessary to assess preserved ipsilateral parenchymal mass and function. Preoperative and postoperative ipsilateral parenchymal volumes were measured from contrast enhanced computerized tomography less than 2 months before and 3 to 12 months after partial nephrectomy and the actual percent of preserved parenchymal mass was determined. The ipsilateral percent of preserved parenchymal mass and the final global glomerular filtration rate were estimated based on preoperative imaging using subjective estimation, quantitative estimation, or estimation derived from the contact surface area or the R.E.N.A.L. (radius, exophytic/endophytic, nearness of tumor to collecting system or sinus, anterior/posterior and location relative to polar lines) score. Results: Median tumor diameter was 3.5 cm, median contact surface area was 24 cm 2 and the median R.E.N.A.L. score was 8. The median actual ipsilateral percent of preserved parenchymal mass was 84% and the preserved percent of the global glomerular filtration rate was 89%. The median estimated ipsilateral percent of preserved parenchymal mass was 85%, 87%, 88% and 83% based on subjective estimation, quantitative estimation, contact surface area and the R.E.N.A.L. score, respectively. Correlations between the actual and the estimated percent of preserved parenchymal mass were relatively weak in all instances (all r 0.46). Prediction of the final global glomerular filtration rate was strong for all 4 methods (all r [ 0.91). However, a similarly strong correlation was obtained when presuming that 89% of the preoperative global glomerular Accepted for publication September 22, 2018. The corresponding author certifies that, when applicable, a statement(s) has been included in the manuscript documenting institutional review board, ethics committee or ethical review board study approval; principles of Helsinki Declaration were followed in lieu of formal ethics committee approval; institutional animal care and use committee approval; all human subjects provided written informed consent with guarantees of confidentiality; IRB approved protocol number; animal approved project number.
filtration rate would be saved in each case (r [ 0.91). On multivariable analyses a solitary kidney, the preoperative glomerular filtration rate and various estimates of the percent of preserved parenchymal mass were significantly associated with the final global glomerular filtration rate. However, the preoperative glomerular filtration rate proved to be the strongest predictor. It had more than a tenfold impact compared to the estimated percent of preserved parenchymal mass or a solitary kidney. Conclusions: Currently available methods to estimate the percent of preserved parenchymal mass have important limitations. The final global glomerular filtration rate, which is the most important functional outcome, could be predicted fairly accurately by all tested methods. However, none of them were better than simply presuming that 89% of function would be saved due to strong anchoring to the preoperative glomerular filtration rate.
Key Words: kidney, nephrectomy, organ preservation, glomerular filtration rate, solitary kidney FUNCTIONAL recovery after PN is predominantly determined by the PPPM with a secondary role for ischemia, presuming that prolonged warm ischemia has been avoided. 1e12 Accurate prediction of PPPM and functional outcomes could improve patient counseling and operative planning. 13e15 A variety of different approaches to predict functional outcomes after PN have been explored but the clinical usefulness and limitations of these approaches are not well defined. 16e27 A recent study suggested that the surgeon could accurately predict the final GFR after PN based on a review of preoperative imaging. 16 However, other studies suggested otherwise and also showed that increased surgeon experience did not substantially improve predictive accuracy. 17 The concept of the CSA between the tumor and normal parenchyma has also been studied as a predictor of functional outcomes after PN.
18e23 Tumors with a greater CSA require excision of more parenchyma and more extensive reconstruction, leading to increased loss of vascularized parenchyma. CSA can be estimated by the formula 2prd, where r represents tumor radius and d represents tumor intraparenchymal depth. 19 Early studies suggested strong performance characteristics of CSA to predict functional outcomes after PN. 19e22 However, a more recent and comprehensive study suggested that the correlations between CSA and functional outcomes were only modest and CSA was not an independent predictor for endophytic tumors. 23 Tumor complexity has also been evaluated but most studies suggest that correlations with functional outcomes after PN are not particularly robust. In the current study we assessed 4 methods of estimating PPPM, including SE, QE and estimation derived from CSA or the R.E.N.A.L. score. The PPPM QE, which was newly introduced for this study, was derived from volumetric analysis of preoperative imaging with the presumption that a 10 mm rim around the tumor and radial parenchyma would be lost during PN ( fig. 1 ). 2 Our objective was to evaluate the predictive accuracy of these 4 approaches and in particular our ability to predict the final global GFR after PN, which is the most important outcome from a clinical standpoint.
MATERIALS AND METHODS

Patient Population
In this Institutional Review Board approved analysis we focused on 428 patients with a unifocal renal mass suspicious for kidney cancer which was managed by PN at our institution from 2007 to 2017 (IRB No. 4639). Study inclusion also required the availability of necessary studies to assess ipsilateral parenchymal mass and function preoperatively and postoperatively. This included contrast enhanced CT less than 2 months before and 3 to 12 months after PN while patients with 2 kidneys were also required to undergo 99m Tc-mercaptoacetyltriglycine renal scans and serum creatinine measurements within the same time frame. 1, 7 Choices of an open vs a minimally invasive approach, ischemia type and renorrhaphy technique were based on surgeon preference. PN techniques at our institution have been described previously and a minimal margin approach was prioritized, generally with capsular closure. 28, 29 Patient and tumor characteristics, including relevant demographics and comorbidities, preoperative and postoperative functional parameters, and pathological findings, were obtained retrospectively. Tumor complexity was defined using the R.E.N.A.L. score. 24 
Ipsilateral Percent of Preserved Parenchymal Mass
Measurement. Preoperative and postoperative parenchymal volumes in the operated kidney were measured as previously described before and after PN, respectively ( fig.  1 ). 2 The collecting system, vessels, cysts, sinus fat and tumor were excluded from measurements. Intra-observer and interobserver agreements were previously validated and both were greater than 95%.
1 Actual PPPM was defined as postoperative ipsilateral parenchymal mass normalized by preoperative ipsilateral parenchymal mass.
Estimation. In this study we evaluated 4 methods to preoperatively estimate PPPM, including SE, QE, CSA based estimation and R.E.N.A.L. score based estimation. All estimates were obtained while blinded to functional results after PN.
For subjective estimation of PPPM the investigators reviewed preoperative CT images and predicted the percent of ipsilateral parenchymal mass which would be saved by PN based on prior investigator experience. 17 For the other 3 methods various approaches were used to estimate the amount of parenchyma which would be lost during PN due to excision or devascularization. PPPM was then estimated using the formula: preoperative ipsilateral parenchymal mass minus estimated amount of parenchymal mass to be lost from excision and devascularization, normalized by the preoperative ipsilateral parenchymal mass.
The PPPM QE was derived from freehand scripting on preoperative images, presuming that a 10 mm rim around the tumor and radially located parenchyma would be excised or devascularized ( fig. 1) . 2 CSA was estimated by 2prd, where r represents tumor radius and d represents tumor intraparenchymal depth, and then the excised and devascularized parenchymal mass was estimated by multiplying CSA by a 10 mm spherical cap. 19, 21 For R.E.N.A.L. based estimation the excised and devascularized parenchymal mass was estimated using the formula, (4.95 Â R.E.N.A.L. score) e 3.45, which was derived from linear approximation.
Functional Outcomes after Partial Nephrectomy
The global GFR was estimated by the MDRD2 (Modification of Diet in Renal Disease 2) and the ipsilateral GFR was calculated based on split renal function obtained from nuclear renal scans before and after PN. 30 The percent of preserved GFR was defined as postoperative GFR normalized by preoperative GFR.
Final ipsilateral and global GFRs were predicted using the PPPM estimates derived from the 4 methods. Final ipsilateral GFR was estimated by the formula, preoperative ipsilateral GFR Â estimated PPPM. Final global GFR was estimated by the formula, preoperative contralateral GFR þ estimated final ipsilateral GFR.
Statistics
Continuous and ordinal variables are presented as the median and IQR. They were compared with the MannWhitney U test. The Pearson correlation was used to assess relationships between various end points and estimates derived from the various methods of estimating PPPM. Absolute values of correlation coefficients were considered modest to strong at r [ 0.5 to 0.8 and weak at r [ 0.2 to 0.5. Univariable and multivariable regressions were done to assess predictors of final ipsilateral or global GFR. In multivariable models the RI of the estimated PPPM was compared to other potential predictors of functional outcomes. Data were analyzed using IBMÒ SPSS StatisticsÒ, version 25. All tests were 2-tailed with p <0.05 considered significant.
RESULTS
Patient Characteristics
We analyzed the records of 428 patients in whom a unifocal renal tumor was managed by PN. Table 1 summarizes patient and tumor characteristics. Median age was 62 years and 84 patients (20%) had a solitary kidney. Median tumor diameter was 3.5 cm and the median R.E.N.A.L. score was 8. Exophytic and endophytic tumors, defined as 50% or more extrarenal and more than 50% intrarenal, were present in 159 (37%) and 269 patients (63%), respectively. Median CSA was 24 cm 2 . Median preoperative ipsilateral and global GFRs were 40 and 73 ml/min/1.73 m 2 , respectively. Median ischemia time was 24 minutes, and cold and warm ischemia was applied in 168 (39%) and 260 patients (61%), respectively.
Percent of Preserved Parenchymal Mass and Function
Actual. The median actual PPPM of the operated kidney was 84% overall and it was greater for exophytic than endophytic tumors (87% vs 82%) (table 2). The median percent of preserved ipsilateral and global GFR was 80% and 89%, respectively. Again, this was greater for exophytic tumors.
Estimated. The median estimated PPPM in the operated kidney was 85%, 87%, 88% and 83% according to SE, QE, CSA based estimation and R.E.N.A.L. based estimation, respectively. For all methods estimates were greater for exophytic than for endophytic tumors (table 2) .
Univariable Analysis
Percent of Preserved Parenchymal Mass and Function. Figure 2 shows correlations between the actual ipsilateral PPPM or the percent of preserved ipsilateral GFR and various PPPM estimates. Estimated PPPM significantly correlated with actual PPPM for all methods (all p <0.001). However, the correlation coefficients were relatively weak (all r 0.46). Analogous findings were obtained when assessing correlations between the percent of preserved ipsilateral GFR and the estimated PPPM (all r 0.35).
Final Global Glomerular Filtration Rate. Final global GFR was estimated from preoperative GFR and the various estimates of PPPM. Correlations between actual and estimated final global GFR were then evaluated ( fig. 3 ). All estimates significantly correlated with actual final global GFR after PN (all p <0.001) and the correlation coefficients were uniformly strong (all r [ 0.91, fig. 3 , A to D). However, a similarly strong correlation was observed when estimating final global GFR based on the assumption in all cases that ipsilateral PPPM would be 84%, which was the median (r [ 0.91, fig. 3, E) . Furthermore, when assuming that the percent of preserved global GFR would be 89%, which was the median of all cases, again strong correlations were observed (r [ 0.91, fig. 3, F) . This suggests that the robust correlations in these analyses were primarily due to anchoring to preoperative GFR. 
Multivariable Analysis of Final Glomerular Filtration Rate
DISCUSSION
Functional recovery after PN is predominantly determined by PPPM. 1e7,11 Accurate predictions of PPPM and functional outcomes could improve patient counseling and operative planning, although surgeon ability to subjectively predict these outcomes remains limited.
13e15,17 CSA has been extensively studied as a predictor of functional outcomes after PN but it also appears to have limitations, particularly for endophytic tumors. Tumor complexity is also associated with functional outcomes after PN, although the correlations are not impressive. 24e27 In this study we introduce a novel method to quantitatively estimate PPPM from preoperative imaging. We evaluated its predictive accuracy along with that of the other 3 previously available approaches. 2 For all 4 methods studied the correlations between estimated and actual PPPM were relatively weak ( fig. 2 ). All correlation coefficients were 0.46 or less. Our findings regarding the prediction of final global GFR are notable because they suggest that the 4 prediction models are not superior to simply presuming that the median of 89% of preoperative global GFR would be saved in each case ( fig. 3 ). Our data suggest that this is due to strong anchoring to preoperative GFR, as confirmed by the analysis of the relative impact of preoperative GFR vs the various methods to estimate PPPM. 
<0.001
Preop ipsilat GFR Altogether our findings suggest that all 4 methods studied to predict functional outcomes after PN have important limitations. Some methods are complex and time-consuming, and all require a focused review of preoperative imaging. Furthermore, to predict final global GFR, which is the most relevant clinical outcome, none is better than the simple default of presuming that about 90% of global GFR will be saved in each case. For the practicing urologist this is the take-home message.
Initially proposed in 2014 by Leslie et al, 18 CSA has received considerable interest as a potential predictor of functional outcomes after PN.
19e22 A simple formula to estimate CSA was developed in 2016 by Hsieh et al, which accelerated clinical studies to assess its predictive usefulness. 19 Tumors with greater CSA naturally require excision of more parenchyma and more extensive reconstruction, leading to increased loss of functional parenchyma. Early studies supported this, suggesting strong correlations between CSA and functional outcomes after PN. 19e22 However, a more recent study with a substantially increased number of patients revealed that the correlations between CSA and functional outcomes were not robust (all r 0.36). 23 In addition, CSA was not an independent predictor in patients with endophytic tumors, which makes sense conceptually because CSA only accounts for parenchymal loss at the interface with the tumor. 23 In particular, CSA does not account for radially located parenchyma, which is typically devascularized or removed during PN of endophytic tumors. In addition, CSA presumes a spherical tumor shape while many renal tumors do not fit this assumption. 19 In the current study the usefulness of CSA to estimate PPPM was again explored. However, the correlations of CSA based estimation with the actual percent of parenchymal mass and function saved were again demonstrated to be weak (both r [ 0.30).
In previous literature the surgeon ability to subjectively predict functional outcomes after PN was also evaluated with markedly divergent results depending on how analyses were structured. 16, 17 A recent multicenter study suggested that the surgeon prediction of final GFR was highly accurate (r >0.80) but this was likely due to anchoring to preoperative GFR, 16 as in the current study. Another previous study evaluated surgeon ability to predict the percent of GFR that would be saved by PN, which is a much more discriminatory evaluation, and the observed correlations were weak in all instances (all r <0.40). 17 Furthermore, incremental improvement in predictive accuracy related to increased clinical experience was not observed in that study because the predictive ability of staff surgeons was similar to that of residents and fellows (mean r [ 0.37 vs 0.40 and 0.32, respectively). The current study confirms the limitations of PPPM SE and functional outcomes since r values were 0.30 or less.
The QE of PPPM was introduced as a method which could be applied to any tumor, even if nonspherical or endophytic, to overcome the drawbacks of previously available approaches.
2 Direct measurements were made from preoperative images to estimate the amount of parenchymal mass which would be excised or devascularized by PN, including a 10 mm rim and radially located parenchyma, thus accounting for all tissue likely to be defunctionalized during the procedure. Nonetheless, the estimates of this novel method also failed to correlate strongly with functional outcomes such as the percent of parenchymal mass and function saved (both r 0.46).
Another drawback of the PPPM QE is that it is time-consuming as each study requires freehand scripting at 3 mm intervals. 2 Our study suggests that QE PPPM, similar to all of the other previous methods that have been developed, is not particularly accurate to predict the percent of mass or function saved by PN. While all appeared to correlate strongly with final global GFR, this was primarily due to anchoring to preoperative GFR. Similarly strong correlations were obtained simply by presuming that 90% of function would be saved in each case.
Multivariable analysis also demonstrated the significance of solitary kidney status as a correlate of functional outcomes after PN. The perceived need to optimize parenchymal mass preservation when operating on a solitary kidney likely accounts for these findings since the surgeon attempts to minimize the width of the surgical margin and avoid unnecessary devascularization during the reconstructive phase of the procedure. 2, 7 Our study has limitations, including the retrospective design, the analysis limited to patients with a unifocal tumor and the availability of necessary studies, which could have introduced some element of bias. Our study was also derived from a single, tertiary care institution where there is extensive experience with PN and a preference for minimal margins and capsular closure, which could have affected generalizability. Nonetheless, patient and tumor characteristics in this series appear to be representative of most PN cohorts in this era while our general approach to PN is similar to that performed at most centers. Variance in measurement is also a concern but our numbers are substantial enough to allow for meaningful statistical comparisons. Strengths of our study include the detailed analysis of functional outcomes specific to the operated kidney, which tends to be more informative. 1 To our knowledge this is the first study to comprehensively assess the predictive accuracy of all previously proposed methods of predicting functional outcomes after PN, in addition to a novel method specifically designed to directly measure what will be lost with PN and which, thus, quantifies PPPM. 2 
CONCLUSIONS
All currently available methods to estimate PPPM and functional outcomes after PN appear to have important limitations. Final global GFR, which is the most important functional outcome, could be predicted fairly accurately simply by presuming that about 90% of global function would be saved in each case due to strong anchoring to preoperative GFR.
